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1306Objective: Some arterial grafts have progressive narrowing or occlusion during the first postoperative year
despite angiographic patency in the immediate postoperative period. This study analyzed the incidence and
predictors of arterial graft deterioration.
Methods: We reviewed 778 distal anastomoses of arterial grafts in 243 patients who underwent off-pump
coronary artery bypass grafting. All patients underwent both early and 1-year follow-up coronary angiography,
with all arterial grafts patent on the early angiograms. Arterial graft deterioration was defined as diffuse graft
stenosis or occlusion newly found at 1-year follow-up angiography.
Results:Graft deteriorationwas present in 13.8% (string sign, 6.9%; occlusion, 6.8%) of distal anastomoses. The
incidence of graft deterioration was higher among cases of non–internal thoracic arterial graft (27.7% vs 6.0%,
P<.001), non–left anterior descending coronary arterial anastomosis (19.1% vs 2.0%, P<.001), mild (75%)
stenosis of the target coronary artery (26.0% vs 7.6%, P<.001), composite grafting (19.9% vs 7.8%, P<.001),
and multiple anastomoses from a single inflow source (19.5% vs 5.1%, P<.001). The incidence was particularly
high when composite or multiple grafting from a single inflow source was performed to a target coronary artery
with mild stenosis. Non–internal thoracic arterial graft, mild target stenosis, and multiple grafting from a single
inflow source were independent predictors of graft deterioration.
Conclusions: Arterial graft deterioration was closely related to particular graft materials and designs. (J Thorac
Cardiovasc Surg 2010;140:1306-11)The survival benefit of using a single internal thoracic artery
(ITA) in coronary artery bypass grafting (CABG) was dem-
onstrated in the mid 1980s,1 and further beneficial effects of
additional arterial graft use have been subsequently reported
in several studies.2-4 The clinical benefits provided by an
arterial graft are usually considered to be related to
superior patency.5,6 The early failure of an arterial graft is
rare and is related to several mechanisms, including
anastomotic problems and poor quality of the graft
material or the native coronary artery. Some arterial grafts,
however, fail during the first year. Several studies have
reported that some arterial grafts occlude in this time
period, and this may result from competition with native
coronary flow.7,8 Other arterial grafts are reduced in
caliber and show diffuse narrowing, the string sign. The
incidence of string sign has not been negligible in some
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The Journal of Thoracic and Cardiovascular Surarterial grafts may lose the ability to function as a bypass
conduit as a result of graft deterioration. In this study we
therefore analyzed the incidence, predictors, and clinical
consequences of arterial graft deterioration 1 year after
CABG.MATERIALS AND METHODS
Study Design
In this retrospective cohort study, we first examined a series of follow-up
angiograms performed before discharge and 1 year after surgery and then
investigated the predictors of arterial graft deterioration. In addition, we in-
vestigated the association between arterial graft deterioration and clinical
outcomes. The Ethics Committee of Sakakibara Heart Institute approved
this study, waived the need for patient consent, and provided approval
before publication of the data.
Study Subjects and Data Collection
Between September 2004 and July 2007, a total of 536 patients under-
went isolated CABG at our institution. All patients were scheduled for
off-pump CABG. Twenty-five emergency cases were included. Six patients
who had conversion to on-pump CABG were excluded from the study. We
routinely performed coronary angiography before discharge and 1 year after
surgery for patients who underwent off-pump CABG, regardless of the
patient’s symptoms. Patients who died, refused angiographic evaluation,
were older than 75 years, or had renal dysfunction (serum creatinine>1.2
mg/dL) were excluded from the angiographic follow-up. Of the 536 pa-
tients, 432 underwent early angiography and 273 underwent 1-year fol-
low-up angiography. For early angiography before discharge, 67 patients
were excluded for old age, 15 were excluded for renal dysfunction, and
22 were excluded for patient refusal. For follow-up angiography at 1 year
after surgery, 113 patients were excluded for old age, 24 were excludedgery c December 2010
Abbreviations and Acronyms
CABG ¼ coronary artery bypass grafting
ITA ¼ internal thoracic artery
LAD ¼ left anterior descending artery
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256 patients (47.8%) underwent both early and 1-year follow-up angiogra-
phy. The angiographic results of these patients are shown in Table 1. Thir-
teen patients with multiple arterial grafting who had at least 1 occluded
anastomosis were excluded from the study. Findings of the remaining 243
patients were retrospectively reviewed.
Perioperative clinical data were collected from patient medical records.
All patients were followed up for at least 1 year, and mean follow-up was
21.8 months. A major adverse cardiac event was defined as the occurrence
of a nonfatal myocardial infarction, the need for repeat revascularization, or
cardiac death. Cardiac death was defined as death occurring in relation to
myocardial infarction, cardiac arrhythmia, out-of-hospital sudden cardiac
death, or deteriorating congestive heart failure. Undetermined causes of
death were assumed to be cardiac.
One cardiologist initially reviewed all the coronary angiograms, and
a consensus was reached among the surgical team after review. For native
coronary arteries, mild stenosis was defined as a stenotic lesion of 75%
or less. Distal anastomoses were assessed and classified as patent, focally
stenosed, string sign, or occluded. A focally stenosed lesion was defined
as one with a focal stenosis of 90% or greater anywhere within the conduit
or at the anastomosis. String sign was defined as luminal narrowing through-
out the entire conduit, including stenosis of 90% or greater. Each distal
anastomosis represented a separate data point in the analysis. The patency
rate was calculated as the number of distal anastomoses without occlusion
per total distal anastomoses. Patent graft anastomosis included grafts with
focal stenosis or string sign. Arterial graft deteriorationwas defined as a graft
that had been patent on the early angiogram but appeared occluded or
showed evidence of string sign on the 1-year angiogram. The incidence
of arterial graft deterioration was calculated as the rate of distal anastomoses
with arterial graft deterioration per total distal anastomoses.
Operative Strategy
Our surgical procedures and principles of off-pump CABG have been
previously described.11 The left-sided coronary arteries were revascularized
with arterial grafts in most cases. The left anterior descending artery (LAD)
was revascularized exclusively with the ITA, and the left ITAwas used pref-
erentially. The right ITA was revascularized to the LAD only when the leftTABLE 1. Angiographic results for early and 1-year patencies
Early
S
Distal anastomoses Patency (%) PP
All arteries 830 97.5% 796
Internal thoracic artery
Any 527 99.1% 512
Left 292 98.6% 279
Right 235 99.6% 233
Radial artery 260 93.9% 242
Gastroepiploic artery 43 100% 42
Saphenous vein 220 96.8% 212
PP, Perfectly patent; FS, focally stenosed; SS, string sign; CO, completely occluded.
The Journal of Thoracic and CarITA was required to bypass a remote anastomotic site of the left circumflex
artery. The most frequently used arrangement for diagonal artery and left
circumflex artery was composite grafting with right ITA and radial artery.
In this arrangement, the right ITA was used as an in situ graft for the diag-
onal, and the radial artery was anastomosed proximally to the right ITA and
distally to the left circumflex artery. The right coronary artery was grafted
with saphenous vein or gastroepiploic artery in most cases. Use of the gas-
troepiploic artery was usually limited to patients with severe stenosis of the
right coronary artery. Grafts used in 242 study patients are shown in Table 2.
Aspirin (81 mg) was given to all patients before and after surgery. In 66
cases, ticlopidine hydrochloride (INN ticlopidine) was given for 1 month.
Heparin (3.0 mg/kg) was administered intravenously after sternotomy,
and it was neutralized at the end of the procedure with protamine sulfate
(3.0 mg/kg). All radial arteries and saphenous veins were harvested open.
The radial artery was soaked in a solution (20 mg olprinone plus 180 mL
normal saline solution). After hemostasis was confirmed, all patients
received a continuous heparin infusion until the second postoperative day.
Patients with a radial artery graft received continuous administration of
intravenous diltiazem during the first 24 hours after surgery.
Statistical Analysis
Continuous variables are reported asmean SD and categorical variables
as percentages. Fisher’s Exact test was used to compare categorical variables.
TheMann–Whitney test was used to compare continuous variables. Actuarial
and event-free survival curveswere obtainedwith theKaplan–Meier method.
Statistical significance was calculated with the log-rank test. Multivariate
analysis was performed to identify independent risk factors for arterial graft
deterioration. A generalized estimating equationmethodwas used to account
for within-patient correlation. Predictors were discarded at a P value greater
than .10. Covariates included in the generalized estimating equation models
were graft material (ITA vs non-ITA), stenosis rate of target coronary artery
(mild vs more than mild), and number of distal anastomoses from a single
inflow source (single vs multiple). Target coronary artery (LAD vs non-
LAD) and graft configuration (individual vs composite graft) were discarded,
because LAD was grafted with ITA exclusively and composite grafting was
involved in multiple grafting. Odds ratios were calculated with 95% confi-
dence intervals. All statistical analyses were performed with SPSS statistical
software (SPSS version 17.0; SPSS Japan, Tokyo, Japan).RESULTS
Characteristics of Study Patients
The preoperative characteristics of study patients were
compared with those of the patients excluded from the study
(Table 3). There were significant differences between the1 y
tenosis (no.) Stenosis (no.)
FS SS CO Patency (%) PP FS SS CO
13 0 21 90.8% 689 8 57 76
10 0 5 96.8% 486 5 19 17
9 0 4 97.3% 279 4 1 8
1 0 1 96.2% 207 1 18 9
2 0 16 78.9% 170 2 33 55
1 0 0 90.7% 33 1 5 4
1 0 7 81.8% 169 10 1 40
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TABLE 2. Number of distal anastomoses for each graft type according
to target coronary artery
Target coronary artery
Conduit
Left anterior
descending Diagonal
Left
circumflex Right
Left internal thoracic artery
All 198 20 60 0
Individual 167 15 39 0
Composite 31 5 21 0
Right internal thoracic artery
All 46 104 72 0
Individual 43 23 32 0
Composite 3 81 40 0
Radial artery
All 0 37 183 19
Individual 0 10 30 6
Composite 0 27 153 13
Gastroepiploic artery
All 0 3 6 30
Individual 0 1 1 29
Composite 0 2 5 1
Saphenous vein
All 0 1 17 196
Individual 0 1 11 187
Composite 0 0 6 9
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term clinical results were also compared between these
groups (Table 3). The 2-year survival of study patients
was significantly higher than that of excluded patients.TABLE 3. Comparison of patient characteristics andmidterm clinical
results between study patients and excluded patients
Study
(n ¼ 243)
Excluded
(n ¼ 280) P value
Preoperative
Age (y, mean  SD) 66.6  7.7 71.0  9.3 <.001
Male (no.) 243 (86.0%) 216 (77.1%) .01
Coronary risk factor (no.)
Hypertension 172 (70.8%) 220 (78.6%) .043
Diabetes 99 (40.7%) 111 (39.6%) .858
Hyperlipidemia 153 (63.0%) 156 (55.7%) .108
Smoking 137 (56.4%) 152 (54.3%) .660
Old cerebral infarct (no.) 18 (7.4%) 32 (11.4%) .137
Peripheral vascular disease (no.) 13 (5.4%) 28 (10.0%) .052
Long-term hemodialysis (no.) 9 (3.7%) 10 (3.6%) 1.00
Midterm clinical results
Follow-up rate (%) 100.0% 94.6%
Follow-up period (d, mean SD) 654  321 521  408.9 <.001
Survival (%) <.001
1 y 100.0% 95.4%
2 y 100.0% 93.2%
Major adverse cardiac event–free survival (%) .897
1 y 96.3% 95.5%
2 y 91.4% 92.9%
1308 The Journal of Thoracic and Cardiovascular SurAngiographic Outcomes
Arterial graft deterioration was seen in 74 patients. Patient
characteristics were compared between patients with and
without deterioration of grafts (Table 4). There were no
differences in preoperative patient characteristics and post-
operative medications between these groups.
The incidence of arterial graft deterioration was 13.8%
(107/778 distal anastomoses). In univariate analysis, the
incidences of graft deterioration were significantly higher
for non-ITA grafts (27.7% vs 6.0%, P< .001), non-LAD
anastomoses (19.1% vs 2.0%, P<.001), mild (75%) ste-
nosis of target coronary arteries (26.0% vs 7.6%, P<.001),
composite grafting (19.9% vs 7.8%, P<.001), and multiple
anastomoses from a single inflow source (19.5% vs 5.1%,
P< .001; Table 5). The results of multivariate analysis are
shown in Table 6. Non-ITA graft, mild target stenosis, and
multiple grafting from a single inflow source were the inde-
pendent predictors of graft deterioration. Figure 1 shows the
effects of graft configuration and number of distal anastomo-
ses from a single inflow source on the incidence of arterial
graft deterioration according to the severity of target coro-
nary artery stenosis. The differences in the incidence of graft
deterioration according to graft configurations or numbers of
distal anastomoses were much greater for target arteries with
mild stenosis than for those with severe stenosis. For targets
with mild stenosis, composite and multiple grafting from
a single inflow source resulted in a high incidence of arterial
graft deterioration.
Clinical Outcomes
The recurrence of angina symptoms was significantly
greater among patients with graft deterioration than amongTABLE 4. Patient characteristics and postoperative medications
Deterioration
No (n ¼ 169) Yes (n ¼ 74) P value
Preoperative
Age (y, mean  SD) 66.7  7.5 66.3  8.2 .909
Male (no.) 142 (84.0%) 67 (90.5%) .229
Coronary risk factor (no.)
Hypertension 118 (69.8%) 54 (73.0%) .649
Diabetes 74 (43.8%) 25 (33.8%) .158
Hyperlipidemia 106 (62.7%) 47 (63.5%) >.999
Smoking 91 (53.9%) 46 (62.2%) .262
Old cerebral infarct (no.) 14 (8.3%) 4 (5.4%) .596
Peripheral vascular disease (no.) 7 (4.1%) 6 (8.1%) .224
Long-term hemodialysis (no.) 9 (5.3%) 0 (0%)
Postoperative medication (no.)
b-Blocker 72 (42.6%) 39 (52.7%) .163
Statin 57 (33.7%) 23 (31.1%) .767
Angiotensin-converting enzyme
inhibitor
11 (6.5%) 5 (6.8%) >.999
Angiotensin receptor blocker 35 (20.7%) 15 (20.3%) >.999
Calcium blockade 31 (18.3%) 8 (10.8%) .184
Warfarin 111 (65.7%) 49 (66.2%) >.999
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TABLE 5. Prevalences of arterial graft deterioration
Predictor Total Deteriorated Occluded String P value
Conduit <.001
Internal thoracic artery 500 30 (6.0%) 12 (2.4%) 18 (3.6%)
Left 278 5 (1.8%) 4 (1.4%) 1 (0.4%)
Right 222 25 (11.3%) 8 (3.6%) 17 (7.7%)
Non–internal thoracic artery 278 77 (27.7%) 41 (14.8%) 36 (13.0%)
Radial artery 239 69 (28.9%) 38 (15.9%) 31 (13.0%)
Gastroepiploic artery 39 82 (0.5%) 3 (7.7%) 5 (12.8%)
Target coronary artery <.001
Left anterior descending 244 5 (2.0%) 3 (1.2%) 2 (0.8%)
Non–left anterior descending 534 102 (19.1%) 50 (9.4%) 52 (9.7%)
Diagonal 164 19 (11.6%) 9 (5.5%) 10 (6.1%)
Left circumflex 321 74 (23.1%) 36 (11.2%) 38 (11.8%)
Right 49 9 (18.4%) 5 (10.2%) 4 (8.2%)
Stenosis of target coronary artery <.001
More than mild (>75%) 516 39 (7.6%) 19 (3.7%) 20 (3.9%)
Mild 75% 262 68 (26.0%) 34 (13.0%) 34 (13.0%)
Graft configuration <.001
Individual 396 31 (7.8%) 15 (3.8%) 16 (4.0%)
Composite 382 76 (19.9%) 38 (9.9%) 38 (9.9%)
No. of distal anastomoses from single inflow source <.001
1 16 312 (5.1%) 6 (1.9%) 10 (3.2%)
2 466 91 (19.5%) 47 (10.1%) 44 (9.4%)
2 173 31 (17.9%) 18 (10.4%) 13 (7.5%)
3 206 39 (18.9%) 14 (6.8%) 25 (12.1%)
4 or 5 87 21 (24.1%) 15 (17.2%) 6 (6.9%)
All data represent numbers of grafts.
Manabe et al Acquired Cardiovascular Disease
A
C
Dthose without graft deterioration (9.5% vs 3.0%, P¼ .049).
The incidence of major adverse cardiac events tended to be
higher among patients with graft deterioration, but the differ-
ence was not statistically significant (13.5% vs 6.5%,
P ¼ .104).
DISCUSSION
Arterial Graft Deterioration
In this study, we focused on arterial grafts that had been
patent immediately after surgery and became occluded or
diffusely narrowed during the first postoperative year.
Most previous studies have used patency rate as an index
of the graft function, and the patency rates in our study
were comparable with those in previous studies.12,13 We
also treated string sign as graft dysfunction, and the
incidence of string sign was nearly identical to that of graft
occlusion. There is still some debate whether graft
occlusion and string sign have to be viewed in a similarTABLE 6. Results of multivariate analysis
Predictor Odds ratio
95% Confidence
interval P value
Non–internal thoracic artery graft 5.05 2.79–9.13 <.001
Mild target stenosis 4.52 2.77–7.37 <.001
Multiple grafting from
single inflow source
2.68 1.37–5.25 .004
The Journal of Thoracic and Carmanner. It was sometimes difficult to discriminate clearly
between grafts showing string sign and those showing
occlusion, however, because some grafts appeared to be
intermediate between these states. Graft occlusion and
string sign were sometimes intermingled in the same graft,
and some grafts were halfway patent, showing string sign
and occlusion in the latter half. Moreover, the prevalence
and predictors were nearly identical for graft occlusion and
string sign. In this study, string sign and graft occlusion
were therefore similarly viewed as evidence of
a deteriorated graft.Predictors of Graft Deterioration
Our study revealed several predictors of arterial graft
deterioration 1 year after CABG. Mild stenosis of the target
coronary artery was an independent predictor of graft deterio-
ration. Other studies have also shown mild stenosis to be an
independent predictor of graft occlusion8 or string sign.14,15
Graft material was also an independent predictor. Radial
artery and gastroepiploic artery were more susceptible to
graft deterioration. The susceptibilities of various graft
materials to graft occlusion or string sign have not yet been
fully determined, but in our study ITA grafts were
apparently resistant to graft deterioration. Multiple grafts
originating from a single inflow source were susceptible to
graft deterioration. In this study, complex design, such asdiovascular Surgery c Volume 140, Number 6 1309
FIGURE 1. Effects of graft configuration (A) and number of distal anasto-
moses from single inflow source (B) on incidence of arterial graft deteriora-
tion according to severity of target coronary artery stenosis.
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to have certain pitfalls, although several studies have reported
excellent patency rates for such grafts.16,17 When planning
these types of grafts, selection of the target coronary artery
is considered extremely important. For the target with mild
stenosis, these types of grafts would result in a high failure
rate, and individual grafts should be selected instead. This
finding is in agreement with a previous study18 that demon-
strated reduced blood flow in a composite graft used for
a less stenosed target.On the other hand, patient characteristics
and postoperative medications were not related to graft deteri-
oration. These results enhance the importance of graft design
in the prevention of graft deterioration in multiple arterial
revascularization procedure.Clinical Significance of Graft Deterioration
There is no consensus regarding the clinical significance
of graft deterioration, especially of a graft showing string
sign. There have been several case studies19,20 in which
arterial grafts showing string sign regained patency after
progression of native coronary artery stenosis. Furthermore,
arterial grafts showing string sign can increase graft flow in
response to a hyperemic situation, which suggests the
capacity to meet the blood flow demand and to function as
a bypass conduit.21,22 Several studies, however, have
suggested poor angiographic outcomes of grafts showing
string sign. Kim and colleagues12 reported that among
20 grafts initially FitzGibbon grade B, 12 grafts remained1310 The Journal of Thoracic and Cardiovascular Surgrade B and 3 grafts were occluded 3 years after surgery.
Nakajima and coworkers7 reported that 71.4% of the by-
passeswith competitive or reversed flowat early angiography
were occluded 3 years after surgery. Our study revealed that
patients with deteriorated grafts were more likely to have is-
chemic symptoms. There have been no reports investigating
the long-term consequences of grafts showing string signs,
and further investigation is required.
Mechanism of Graft Deterioration
The mechanism of arterial graft deterioration is suggested
by several previous studies. Arterial remodeling is a well-
known physiologic adaptation that occurs in response to
long-term changes in blood flow to normalize shear stress.23
For ITA grafts, animal studies have demonstrated that a low-
flow condition results in a decreased diameter of the artery
accompanied by medial thickening within several months.24
These findings suggest that the deterioration of an arterial
graft may be induced by a low-flow condition, and several
clinical studies supported this hypothesis. Akasaka and asso-
ciates21 investigated the flow dynamics of the ITA graft
showing string sign by use of a Doppler guide wire and
demonstrated to and fro signals with systolic reversal and
diastolic antegrade flow. Shimizu and coworkers25 demon-
strated decreased graft diameter in a graft with low-flow con-
dition. Tokuda and colleagues26 reported that a lower mean
graft flow and a higher percentage of backward flow as mea-
sured by intraoperative transit time flow were independent
risk factors for arterial graft deterioration. The results of
our study are in agreement with these findings. Graft designs
that might decrease the flow at distal anastomoses were re-
vealed to be risk factors for arterial graft deterioration.
Mild stenosis of the target coronary artery promotes flow
competition. Multiple grafting from a single inflow source
may limit the inflow volume and result in decreased graft
flow. These findings suggest that a certain amount of graft
flow is required to maintain the function of the arterial graft.
Study Limitations
This study has several limitations. First, all data were ret-
rospectively collected, which may have led to information
bias. Second, follow-up angiography was performed for
only 47.8% of the patients who underwent off-pump
CABG during this study period. Angiography was per-
formed according to a protocol and was not symptom
directed. We cannot eliminate the possibility that there
was a bias in the patient selection. The patient characteristics
and the midterm clinical results are compared between the
study patients and the excluded patients in Table 3. The dif-
ferences need to be considered in the interpretation of our
data. Importantly, the survival of the study patients was
significantly higher than that of the excluded patients. This
finding suggests that the rate of arterial graft deterioration
may have been understated in our cohort, which was biasedgery c December 2010
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those with arterial grafts showing focal stenosis (11 instances
of distal stenosis in 9 patients) on early angiography. The
11 grafts with focal stenosis seemed to have good graft
flow on early angiography. At 1-year angiography, stenosis
had disappeared in 5 grafts, and 6 grafts continued to show
focal stenosis. None of the grafts with focal stenosis had
graft deterioration. Fourth, the use of secondary preventive
medication in the study patients was relatively low.
Although postoperative medication was not statistically
associated with the development of graft deterioration, it is
possible that this low use of secondary prevention medica-
tion enhanced the development of graft deterioration.
CONCLUSIONS
Arterial graft deterioration 1 year after CABG occurred in
13.8% of all distal anastomoses in arterial grafts. The graft
deterioration was closely related to particular graft materials
and designs. The incidence of graft deterioration was higher
for non-ITA grafts, non-LAD anastomoses, mild (75%)
stenosis of target coronary arteries, composite grafting,
and multiple anastomoses from a single inflow source. The
incidence was particularly high when composite or multiple
grafting from a single inflow source was performed to a tar-
get coronary artery with mild stenosis. When performing
multiple arterial grafting, careful attention to the selection
of graft material and design is important to gain the full
advantage of arterial grafts.
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